The ability of the human fungal pathogen Cryptococcus neoformans to adapt to variable copper (Cu) environments within the host is key for successful dissemination and colonization. During pulmonary infection, host alveolar macrophages compartmentalize Cu into the phagosome and C. neoformans Cudetoxifying metallothioneins, MT1 and MT2, are required for survival of the pathogen. In contrast, during brain colonization the C. neoformans Cu 1 importers Ctr1 and Ctr4 are required for virulence. Central for the regulation and expression of both the Cu detoxifying MT1/2 and the Cu acquisition Ctr1/4 proteins is the Cu-metalloregulatory transcription factor Cuf1, an established C. neoformans virulence factor. Due to the importance of the distinct C. neoformans Cu homeostasis mechanisms during host colonization and virulence, and to the central role of Cuf1 in regulating Cu homeostasis, we performed a combination of RNA-Seq and ChIP-Seq experiments to identify differentially transcribed genes between conditions of high and low Cu. We demonstrate that the transcriptional regulation exerted by Cuf1 is intrinsically complex and that Cuf1 also functions as a transcriptional repressor. The Cu-and Cuf1-dependent regulon in C. neoformans reveals new adaptive mechanisms for Cu homeostasis in this pathogenic fungus and identifies potential new pathogen-specific targets for therapeutic intervention in fungal infections.
Introduction
Cryptococcus neoformans is a fungal pathogen that is found ubiquitously in the environment. While the initial route of infection occurs by inhalation of fungal spores or yeast, successful colonization of the lungs allows C. neoformans to disseminate to the brain, likely via macrophage-mediated transmission , causing lethal cryptococcal meningitis primarily in immunocompromised individuals. A majority of deaths are localized to regions where HIV/AIDS is prevalent and under-treated, such as sub-Saharan Africa. Only accounting the cases of HIV/AIDS-associated cryptoccocosis, the annual incidence of the infection is over 220,000 cases (Rajasingham et al., 2017) . Once cryptococcal meningitis is diagnosed, successful resolution and clearance of the infection is rare, with mortality in up to 80% of infected individuals, and over 180,000 deaths annually (Rajasingham et al., 2017) . Unfortunately, therapeutic interventions against C. neoformans are limited, treatment is often late in the course of infection and drug penetrance across the blood-brain-barrier is inefficient. Thus, new therapies and therapeutic targets must be identified that impact colonization in the lung and brain and that can be translated into inhibition of C. neoformans virulence.
Setting aside a completely viable life cycle in environmental habitats, colonization of the lung and the journey from this initial site of infection to the brain, requires that C. neoformans adapt to dramatically changing environmental factors that include pH, temperature, nutrients and stress [reviewed in (Kronstad et al., 2012; Alspaugh, 2015; Watkins et al., 2017) ]. One important trace element at the host-pathogen interface is copper (Cu), an essential metal ion for nearly all forms of life primarily due to its utility in redox-catalyzed reactions as Cu 1 or Cu 21 , that span a broad range of biological functions. However, uncontrolled levels of labile Cu can displace other metals, such as iron (Fe) or zinc (Zn), from native proteincoordinated active sites, or generate reactive oxygen species that disrupt protein function (Macomber and Imlay, 2009; Imlay, 2014) . Systemic Cu levels increase in the bloodstream as an acute response to infection, primarily due to an increase in the levels of ceruloplasmin, a Cu-dependent ferroxidase required for Fe loading onto transferrin for peripheral Fe distribution (Hellman and Gitlin, 2002; Chiarla et al., 2008) . While systemic protein-bound Cu increases during infection, other essential metals such as Fe, Zn and manganese (Mn) are observed to be sequestered from pathogens as an attempt to limit microbial growth and virulence through their deprivation (Hood and Skaar, 2012) . In contrast to limiting essential metals in the bloodstream, innate immune cells such as macrophages compartmentalize antimicrobial Cu into the phagolysosome through coordinated increases in expression of the macrophage plasma membrane high affinity Cu 1 transporter, Ctr1 and the Cu 1 transporting ATPase, ATP7A, on the phagosomal membrane (White et al., 2009) . Evidence for host-induced Cu toxicity during infection can be observed through molecular responses by microbial pathogens, where successful pathogens deploy mechanisms to resist Cu toxicity. In the case of bacterial pathogens, robust strategies to buffer Cu toxicity and export Cu are well-defined virulence mechanisms (Wagner et al., 2005; White et al., 2009; Achard et al., 2010; Wolschendorf et al., 2011; Ladomersky and Petris, 2015; Ladomersky et al., 2017; Wiemann et al., 2017) . Eukaryotes have a more complex relationship with Cu compared to bacteria, as they must acquire and distribute Cu to cupro-enzymes in the cytosol, mitochondria and secretory compartment, while preventing Cu toxicity (Nevitt et al., 2012; Smith et al., 2017) . C. neoformans encodes two functionally redundant plasma membrane Cu 1 importers, Ctr1 and Ctr4 and two Cu-detoxifying metallothionein (MT) proteins, MT1 and MT2 (Ding et al., 2011) . The transcription of MT1 and MT2 is highly activated in the lungs during infection, and these MTs are required for C. neoformans virulence in a pulmonary infection model (Ding et al., 2013; Sun et al., 2014) . Consistent with iron-sulfur (FeS) clusters as a target for Cu toxicity, expression of the C. neoformans ATM1 gene, encoding a mitochondrial membrane protein involved in cytosolic FeS cluster biogenesis, is activated by Cu and functions in Cu detoxification (Garcia-Santamarina et al., 2017) . Additionally, administration of a Cu ionophore reduces fungal burden in the murine lung, suggesting that boosting Cu toxicity during infection with chemical biology approaches can enhance innate immune cell function against this fungal pathogen (Festa et al., 2014) . Ctr1 and Ctr4 are crucial for Cu acquisition and colonization in the brain (Sun et al., 2014) . Fe uptake via a multi-Cu oxidase-permease complex, oxidative stress protection through Cu, Zn superoxide dismutase, and melanin synthesis by laccase are all Cu-dependent processes and bona fide virulence factors for Cryptococcus (Williamson, 1994; Cox et al., 2003; Walton et al., 2005; Jung et al., 2008) . Indeed, the ability to obtain Cu to drive these processes through Ctr1 and Ctr4 is critical for cryptococcal meningitis (Sun et al., 2014) . Thus, two niches colonized by C. neoformans have opposing Cu homeostasis requirements as sensed by C. neoformans, indicating that the fungal response to Cu status within the host must be plastic, sensitive and robust.
At the center of Cu regulation in C. neoformans is the Cuf1 transcription factor, the sole Cu-responsive transcription factor identified in C. neoformans based on homology searches comparing Cu-responsive transcription factors in Saccharomyces cerevisiae that respond to high Cu (Ace1) and low Cu (Mac1) (Keller et al., 2005; Nevitt et al., 2012; Smith et al., 2017) . Interestingly, Cuf1 regulates both the high-and low-Cu responses, as disruption of the CUF1 gene abrogates activation of both the MTs in Cu excess and the Cu importers during Cu deficiency (Ding et al., 2011) . Accordingly, Cuf1 is required for successful infection, as cuf1D strains exhibit attenuated virulence in intravenous murine models of cryptococcosis (Waterman et al., 2007) .
While the function of the Cu transporters and Cu detoxifying MTs in response to changes in environmental Cu is well established, little is known about other genes regulated by Cuf1 and Cu status that could play roles in Cu homeostasis and perhaps virulence. RNAsequencing and ChIP-sequencing were used in parallel to identify the Cu-responsive, Cuf1-dependent transcriptome of C. neoformans. We identified the core Curesponsive and Cuf1-dependent transcriptome, yielding genes that provide a basis for elucidating molecular responses to changes in Cu availability and that could reveal new proteins that function as virulence factors for this fungal pathogen.
Results and discussion
Characterization of the Cuf1 transcription factor in C. neoformans Previous studies identified Cuf1 (CNAG_07724) as a major transcription factor for Cu-regulated genes in C. neoformans (Waterman et al., 2007; Jiang et al., 2009; Ding et al., 2011) . Primary sequence comparison between C. neoformans Cuf1 and other Cu-metalloregulatory transcription factors from S. cerevisiae identified the aminoterminal domain of Cuf1 (light grey, Fig. 1A and Supporting Information Fig. S1A ) to possess 29% and 25% identity with the S. cerevisiae Ace1 (YGL166W) and Mac1 (YMR021C) respectively. Notably, the first 39 amino acids of the Cuf1 amino-terminal domain (orange, Supporting Information Fig. 1A ) share the highest homology with Ace1 and Mac1 (61% and 49% respectively). This region contains a Zn-binding motif as well as a highly conserved positively charged 'KGRP' motif that is crucial for binding the minor groove of the DNA binding sites of their respective target genes (Thiele, 1988; Szczypka and Thiele, 1989; Jungmann et al., 1993; Thorvaldsen et al., 1994; Graden et al., 1996; Koch and Thiele, 1996; Serpe et al., 1999) .
Following the minor groove binding region, the similarity of the Cu-responsive transcription factors across fungi decreases considerably, except for three stretches rich in cysteine residues (Fig. 1A , striped blue and green) that, in the case of S. cerevisiae Mac1, play a role in Cu sensing. Interestingly, one of the Cuf1 cysteine-rich stretches (Fig. 1A, green) is arranged similarly to that found in S. cerevisiae Ace1, which activates the expression of genes required for Cu detoxification in this organism (Furst et al., 1988; Thiele, 1988; Szczypka and Thiele, 1989; Gralla et al., 1991; Thorvaldsen et al., 1993) . The other two Cuf1 cysteine-rich stretches (Fig.  1A , striped blue) are arranged similarly to those found in S. cerevisiae Mac1, which regulates the expression of genes required for Cu uptake during Cu limitation. In S. cerevisiae Mac1, the first cysteine stretch can directly coordinate Cu(I) and is essential for Cu sensing, while the second cysteine stretch is important for transactivation of gene expression (Jungmann et al., 1993; Yamaguchi-Iwai et al., 1997; Jensen and Winge, 1998; Serpe et al., 1999) . However, unique to C. neoformans Cuf1, the second cysteine-rich domain is significantly expanded in relation to Mac1, with several additional cysteine residues present (Fig. 1A , red text and Supporting Information Fig. S1A , red box).
In contrast to the amino-terminal domain of Cuf1 which shares common features with other fungal Cu metalloregulatory transcription factors, the long carboxyl-terminal domain is exclusively found in Cusensing transcription factors of the genus Cryptococcus and possess no clear homology to any known protein (Fig. 1A , dark grey checked pattern). This lack of homology of the carboxyl-terminal domain, together with the similarity of the amino-terminus of Cuf1 to other Cusensing transcription factors, led to previous incomplete annotation of Cuf1 in which the encoded protein lacked the extended carboxyl-terminus (Waterman et al., 2007; Jiang et al., 2009; Ding et al., 2011; Raja et al., 2013) (Fig. 1A and Supporting Information Fig. S1A ). To validate the coding capacity of the Cuf1 transcript shown in Fig. 1A , 5' and 3' Rapid Amplification of cDNA Ends (RACE) experiments were conducted and the cDNA products sequenced, confirming that the Cuf1 mRNA has the potential to encode a 1048 amino acid protein. Subsequent literature and RNA-Seq data (shown below) have not identified shorter or alternatively spliced Cuf1 transcripts. To validate that the C. neoformans Cuf1 transcript produces a protein of the predicted 114 kD molecular weight, a plasmid-borne Cuf1 coding region was fused to two tandem carboxyl-terminal FLAG epitopes, driven by the CUF1 promoter and containing the CUF1 3' UTR and transformed in a cuf1D strain (strain hereafter referred to as CFLAG). A mutant CUF1 allele in which the KGRP minor groove binding sequence was altered to encode four alanine residues (AAAA) in CFLAG, was also expressed in the cuf1D strain (strain hereafter referred to as KGRP). Immunoblotting revealed a single protein with an electrophoretic mobility of 150 kD that was recognized by anti-FLAG antibody (Supporting Information Fig. S1B ). Neither the addition of Cu nor the Cu chelator, bathocuproinedisulfonic acid (BCS), differentially affected the concentration of the protein. However, the KGRP mutant protein was more abundant than wild-type Cuf1 (Supporting Information  Fig. S1B ). Furthermore, the KGRP Cuf1 protein was detected as two different species, one with similar size as Cuf1-2xFLAG, and the other with a size of 75 kDa. It is possible that mutagenesis of the conserved minor groove DNA binding domain leads to alterations in Cuf1 protein stability or processing.
The cuf1D strain is unable to grow in either high Cu or under Cu deficiency conditions, at least in part due to the inability to activate MT1 and MT2, or CTR1 and CTR4 expression respectively (Ding et al., 2011) . The isogenic WT, CFLAG, KGRP and cuf1D strains were assayed for growth in medium containing increasing concentrations of either Cu or BCS. There was a clear defect in the ability of cuf1D to grow in both Cu excess or Cu deficiency conditions compared with the wild-type strain (Fig. 1B) . No growth differences were found between the CFLAG and the wild-type strain, confirming that the Cuf1-2xFLAG is a functional fusion protein. The Cuf1 KGRP mutant was sensitive to Cu or BCS treatments, suggesting that although the Cuf1 protein is produced, DNA binding is required for both high and low Cu responses, consistent with the role of Cuf1 in transcription under both conditions. We previously reported that the Cu ionophore 8 hydroxyquinoline (8HQ), is fungicidal and treatment of C. neoformans infected mice with a conditionally activated form of 8HQ reduces pulmonary fungal burden (Festa et al., 2014) . 8HQ acts by increasing intracellular Cu concentrations, independent of the Ctr1 and Ctr4 Cu importers, and incubation of cells with 8HQ induces expression of the MT1 and MT2 genes. Similar to the sensitivity of mt1D mt2D cells (Festa et al., 2014) , the cuf1D strain, or cells expressing the Cuf1 KGRP mutant, display increased sensitivity to 8HQ (Supporting Information Fig. S1D) .
A previous study suggested that treatment of C. neoformans with BCS results in dramatically increased cell size (five-fold increase), perhaps due to the imposed Cu deficiency, or to a secondary Fe deficiency (Raja et al., 2013) . To investigate this phenotype in our strain background, and to understand whether the reported cell size effect produced by Cu deficiency is Cuf1-dependent, the wild-type, cuf1D and the CFLAG strain cell volume was quantitated under standard growth conditions or treated with 1 mM Cu or 1 mM BCS for 3 h A. Schematic representation of C. neoformans Cuf1 and S. cerevisiae Mac1 and Ace1. The amino-terminal domain of Cuf1, Mac1 and Ace1 is shown in light grey and the unique Cuf1 carboxyl-terminal domain is shown in dark grey checked pattern. The highly conserved amino-terminal DNA binding motif, which contains the KGRP sequence necessary for the interaction with the DNA minor groove, is highlighted in orange, the conserved cysteine-rich regions are represented in striped blue (homologous to Mac1) and green (homologous to Ace1). The consensus sequences of the identified cysteine-rich regions are indicated for each region. The unique cysteine stretch found in Cuf1 is highlighted in red. B. Growth of the indicated C. neoformans strains (in SCEG) at 48 h in a 96-well plate with increasing concentrations of Cu or BCS, as indicated in the heat map. Cultures were started at an OD 600 of 0.002, and allowed to grow at 308C. N 5 3. The intensity in the color reflects the growth in OD 600 units according to the color key.
(Supporting Information Fig. S1C ). Wild-type or CFLAG cells treated with Cu showed a small but significant volume increase as compared to untreated cells. This increase in cell volume was not observed in cuf1D cells after Cu stress, likely due to the fact that untreated cuf1D cells were significantly larger as compared to untreated wild-type cells. Interestingly, all strains grown under Cu limitation conditions showed a similar decrease in cell volumes as compared to untreated conditions (Supporting Information Fig. S1C ). These results suggest that Cu concentrations mildly influence C. neoformans cell size, with a modest contribution of Cuf1.
The Cuf1-dependent transcriptional response to Cu deficiency or excess C. neoformans genes required for both Cu acquisition (CTR1 and CTR4) and Cu detoxification (MT1 and MT2) are regulated in a Cu-dependent manner by Cuf1 and are important for virulence in murine models of cryptococcosis (Ding et al., 2011; Ding et al., 2013; Sun et al., 2014) . Since C. neoformans experiences changes in the levels of Cu and other environmental conditions in different host infectious niches, we sought to elucidate what other changes in transcript abundance are triggered by adaptation to varying Cu environments, and to determine the role of Cuf1 in this response.
First, to understand the dynamics of Cuf1 expression, steady-state Cuf1 protein and transcript levels were assessed over time in the presence of either 1 mM CuSO 4 or 1 mM BCS ( Fig. 2A and Supporting Information Fig. S2A ). Although CUF1 transcript and Cuf1 protein levels were unchanged, transcriptional targets of Cuf1 were highly induced over the course of 3 h, with MT1 and MT2 transcripts elevated as early as 5 min after Cu addition ( Fig. 2A , left) and CTR1 and CTR4 transcripts only slightly delayed in response to BCS ( Fig. 2A , right panel). Based on these results a 3-h time-point under these two conditions was used to quantify transcript changes in the Cuf1-dependent C. neoformans regulon.
Overall, the expression patterns for replicates from the same strain and condition were similar, as shown on a heat map plot that clusters transcripts based on a kmeans algorithm (Supporting Information Fig. S2B ). Further analysis of the clustered graph suggests the lack of a global change, but rather specific changes in transcript abundance in response to high or low Cu in the wildtype strain. In contrast, the transcript profile of cuf1D cells is very different from that of the wild-type under both conditions (Supporting Information Fig. S2B ).
The transcript changes associated with high Cu were first compared to Cu deficiency conditions (BCS) in wildtype cells. Fifty transcripts were significantly and differentially increased (p < 0.05) under high Cu concentrations compared to Cu deficiency (Fig. 2B , left panel, blue circles), representing 0.8% of all analyzed transcripts. Gene Ontology (GO) analysis of the proteins encoded by these transcripts showed an enrichment in genes involved in transcription, Cu detoxification, carbohydrate metabolism, transmembrane transport and others (Fig. 2C, left panel) . In response to Cu deficiency conditions, 26 transcripts were significantly increased (Fig. 2B , left panel, orange circles), representing 0.4% of the total transcripts analyzed, compared to high Cu conditions. GO analysis showed an enrichment of transcripts encoding proteins involved in metal ion transmembrane transport (particularly Cu and Fe), carbohydrate metabolism, oxidation-reduction processes and others (Fig. 2C, right panel) .
In comparison to the number of genes that were transcriptionally altered in WT C. neoformans from high to low Cu (or vice versa), we observed 19% of genes with significantly altered transcript abundance when comparing changes in high and low Cu conditions in a cuf1D strain (Fig. 2B , right panel). Transcripts from 760 genes were found to be differentially expressed under high Cu conditions as compared with BCS, and 512 genes differentially expressed in BCS as compared to Cu treatment in cuf1D cells. The increase in dysregulated transcripts in cuf1D, as compared to the wild-type strain, might be a consequence of broad dysregulation in the absence of Cuf1 that normally controls cellular homeostasis under both Cu limitation and Cu excess. GO analysis of the proteins encoded by transcripts increased in cuf1D cells exposed to high Cu showed a significant enrichment in processes related to RNA metabolism, including tRNA thiolation, noncoding RNA processing and regulation of transcription (Supporting Information Fig. S3A ). Interestingly, transcripts involved in FeS cluster biogenesis are also enriched according to the GO analysis. FeS cluster proteins are reported as targets of Cu toxicity, as shown in both bacteria and yeast (Macomber and Imlay, 2009; Tan et al., 2014; Garcia-Santamarina et al., 2017) . Since cuf1D cells are Cu-sensitive, it is likely that compensatory mechanisms are invoked to maintain FeS cluster homeostasis in the absence of Cuf1 during Cu stress. In the case of transcripts increased in BCS in this strain, GO analysis suggests enrichment in several pathways related to general stress responses, including signal transduction and response to stimulus, DNA repair and replication and metabolism and carbohydrate catabolism (Supporting Information Fig. S3B ). Notably missing is the enrichment of genes involved in metal or ion transport in the cuf1D mutant, highlighting the importance of Cuf1 on controlling these processes. Overall, the transcriptional responses to high Cu stress in cuf1D cells likely reflect the effects of high Cu levels modulating the transcription of a numerous number of stress-responsive genes, which are otherwise unperturbed in the presence of the Cu detoxification machinery. Furthermore, Cu limitation conditions in the absence of Cuf1 are likely to negatively impact the function of enzymes that use Cu as a cofactor, including cytochrome c oxidase, laccase, Sod1 and iron acquisition proteins, thus provoking 'pathological secondary responses' under these conditions.
ChIP-Seq identifies promoters targeted by Cuf1
Due to the transcriptome changes observed in both wild-type and cuf1D cells under conditions of high or low Cu, genes that are direct regulatory targets of the Cuf1 transcription factor were identified by Chromatin ImmunoPrecipitation-Sequencing (ChIP-Seq) (Johnson et al., 2007) . The ability of the functional Cuf1-2xFLAG protein (CFLAG strain) to interact with the promoters of two well characterized Cuf1-dependent target genes, MT1 and CTR4, was first validated using ChIP-qPCR (Fig. 3A) . As a control for specificity, the Cuf1-KGRP-FLAG protein, mutated in the minor groove binding domain, showed no enrichment at either promoter under all conditions tested (Fig. 3A) . Thus, similar to Ace1 and Mac1 in S. cerevisiae, the Cuf1 KGRP motif is required for DNA binding in vivo. Moreover, the functionality of the CFLAG strain was further validated by its ability to induce the expression of genes in either high Cu or Cu deficiency (Fig. 4D) .
ChIP-Seq was conducted in triplicate, using the CFLAG strain, under identical experimental conditions as for the RNA-Seq experiments. For data analysis, a sequence peak was considered enriched if it was present at an intensity above an arbitrary threshold of 3000 intensity units [as indicated by the Integrative Genome Viewer (Robinson et al., 2011; Thorvaldsdottir et al., 2013) ], as compared to whole cell extract in at least one biological replicate. In a few cases, this threshold was not achieved, however, we still considered Cuf1 to be enriched in a particular locus compared to whole cell extract if it was mapped to the promoter of a gene transcriptionally changing after Cu or BCS treatments, according to the RNA-Seq data. After mapping Cuf1 peaks enriched in Cu or in BCS treatment, we considered a Cuf1-enriched peak in one condition as compared to the other if the fold change in peak intensity between both conditions was >1.5-fold in at least two out of the three biological replicates. Following this definition, Cuf1-enriched peaks representing 38 loci were mapped in the genome of cells treated with Cu as compared to BCS, and 72 Cuf1-enriched peaks were mapped in the genome of cells treated with BCS as compared to Cu. Examples of peaks representing Cuf1 binding within putative promoter regions, retrieved with the Integrative Genome Viewer (Robinson et al., 2011; Thorvaldsdottir et al., 2013) , are shown in Fig. 3B . Interestingly, there were 35 Cuf1 binding peaks mapped in the genomes of both Cu and BCS treated cells that did not show differential occupancy between either treatment condition (see Fig. 3B e.g.).
Based on the Cuf1-2xFLAG ChIP-Seq data, potential Cuf1 DNA binding consensus motifs in the promoters of genes where Cuf1 occupation is enriched in response to high or low Cu concentrations were investigated. Bioinformatic analysis of Cuf1 occupation sites in cells treated with BCS, using the motif-based sequence analysis tools provided by the Meme Suite platform (Bailey et al., 2009) , identified a high confidence consensus sequence of 10 nucleotides (E value 5 2.9E 23 ), with strong sequence similarity to previously described Curesponse elements (CuREs) recognized by other fungal Cu metalloregulatory transcription factors ( Fig. 3C ) (Labbe et al., 1997; Yamaguchi-Iwai et al., 1997; Woodacre et al., 2008) . The consensus sequence contains a variable A/T rich 5' region that, for S. cerevisiae Ace1, is bound by the KGRP containing domain (Evans et al., 1990; Koch and Thiele, 1996) , followed by a core consensus sequence of G(G/C)CTC(A/G). Interestingly, the putative C. neoformans CuRE contains an additional G residue (indicated with an asterisk in Fig. 3C ) at the start of the core consensus sequence in relation to the S. cerevisiae and C. albicans Mac1 CuRE motifs. To validate the CuRE sequence as a cis-acting element required for Cuf1-dependent target gene expression under Cu deficiency, cells were transformed with a luciferase reporter gene under the control of the native CTR4 promoter, or the same vector in which the putative CuREs were deleted from positions 2341 to 2325 within the CTR4 promoter, upstream of the CTR4 translation initiation codon. Expression of the luciferase transcript was elevated 900-fold in response to BCS treatment as compared to Cu treatment in cells expressing luciferase from the native CTR4 promoter. In contrast, for cells expressing luciferase under the control of the mutant CTR4 promoter the fold-induction in BCS was greatly compromised (Fig. 3D) . These results validated the assignment of the CuRE required for Cuf1 transcription regulation under Cu deficiency, albeit there may be additional distal CuREs or other mechanisms that contribute to the residual increase in luciferase transcript from the mutant CTR4 promoter. In S. cerevisiae, Mac1 binds as a dimer to either tandem or inverted CuREs via contacts in the minor groove (first T/A in the CuRE) and in the major groove (the core GCTC sequence) (Labbe et al., 1997; Yamaguchi-Iwai et al., 1997; Serpe et al., 1999) . The inverted tandem arrangement of the CuREs within the CTR4 promoter suggests the possibility of Cuf1 dimerization for the regulation of gene expression during Cu deficiency. Surprisingly, a similar bioinformatics analysis was unable to unambiguously identify a significant consensus binding sequence in the promoters of genes where Cuf1 is enriched under high Cu conditions. Nevertheless, the top consensus sequence obtained from the analysis of Cuf1-bound promoters at high Cu concentrations (E value 5 190) does share similarities to the metal response elements (MRE) and Cu signaling elements (CuSE) identified from S. cerevisiae and S. pombe respectively (Supporting Information Fig. S4 ) (Labbe et al., 1997; Yamaguchi-Iwai et al., 1997; Woodacre et al., 2008) . However, the high degree of degeneracy throughout this sequence may have caused it to score so poorly, and not surprisingly, experimental analysis aiming to address its functionality in the MT1 promoter failed to validate these putative MRE to be required for Cuf1-dependent expression. This result is intriguing since the KGRP mutant was unable to immunoprecipitate these promoter elements under high Cu concentrations. Similarly, significant Cuf1 consensus DNA binding sequences were not found on those promoters where Cuf1 is enriched under both conditions, and of the 17 genes identified in this group, only 2 genes, CNAG_06242 and CNAG_01846, were found to contain both potential CuRE and MRE sequences. This could reflect a higher complexity in Cuf1 transcriptional regulation under these conditions, which could involve the recruitment of other, currently unknown transcription factors that directly bind to promoter regulatory regions and influence Cuf1 binding.
Merging mRNA-Seq and ChIP-Seq analysis defines the Cuf1-dependent C. neoformans Cu regulon
To obtain a genome-wide perspective on the Cuf1-dependent transcription changes during the growth of C. neoformans under high Cu or under Cu limitation, ChIPSeq and mRNA-Seq data were integrated. From the 38 Cuf1 ChIP-Seq peaks enriched in Cu as compared to BCS, nine loci were found at promoters of genes with no corresponding change in transcript levels between wild-type cells treated with Cu as compared to BCS (Supporting Information Fig. S5A ). Despite this observation, transcripts levels for 6 of these genes were higher in the wild-type strain during Cu exposure as compared to the cuf1D strain. These results suggest that Cuf1 could perform other regulatory roles, either dependent or not on environmental Cu concentrations. In contrast, 29 Cuf1 binding peaks were localized to promoters of genes with an average change in transcript levels greater than 1.5-fold between wild-type cells treated with Cu as compared to BCS (Fig. 4A and Supporting Information Fig. S5B) , with four peaks located upstream of promoters of transcriptionally regulated divergent A. ChIP-PCR experiments were conducted to validated the functionality of the Cuf1-2xFLAG protein used for ChIP-Seq experiments. Cells were treated with either 1 mM CuSO 4 or 1 mM BCS for 3 h in SC media and ChIP-PCR carried out on the MT1 and CTR4 promoters. Fold enrichment in the immunoprecipitation relative to the input material was calculated as described in the materials and methods section. The KGRP Cuf1 mutant was used as a control, as it lacks DNA binding activity. N53. B. ChIP-Seq analysis was performed as described in the Materials and Methods section. Data was visualized using the Integrative Genomics Viewer software (http://software.broadinstitute.org/software/igv/). Snapshots of the visualization were taken at promoter regions where peaks were enriched in Cu, BCS, or equally enriched in both conditions, as indicated. C. A Cu-responsive element (CuRE) was identified in the promoter regions of genes regulated by Cuf1 in response to Cu limitation (top). This CuRE has striking similarity to the identified CuRE sequences from C. albicans Mac1 (bottom) and S. cerevisiae (not shown), containing a 5' A/T-rich region followed by a 3' GCTC core sequence. Cuf1 consensus sequences were identified by analyzing 250 bp of flanking DNA sequence centered on ChIP peaks identified during Cu limitation (1 mM BCS) or Cu excess (1 mM CuSO 4 ) using meme-suite.org to identify Cuf1 consensus sequences. D. Wild-type cells transformed with a plasmid expressing luciferase under the control of the wild-type CTR4 promoter (CTR4p WT) or with a plasmid under the control of a mutated CTR4 promoter lacking the two predicted CuRE sites (CTR4p mutated) were treated with 1 mM BCS or 1 mM CuSO 4 for 3 h, and the expression of the luciferase gene was evaluated by qRT-PCR. Gene expression was normalized to GFP (internal control in the plasmids, see Materials and Methods). N53. Statistical analysis was performed with student t-test.
genes (indicated with an asterisk, Fig. 4A ). These peaks were distributed amongst most chromosomes, except 2, 4, 12 and 13 (Fig. 4A) . 14 of the corresponding genes were induced in a Cuf1-dependent manner, as their mRNA transcript levels were > 1.5-fold induced in wildtype cells as compared to cuf1D cells under Cu stress.
Further experiments are needed to understand the role of Cuf1 in the expression of the other 15 genes (Supporting Information Fig. S5A ), but it is likely that other transcription factors, Cuf1-interacting partners or chromatin remodelers influence the Cu-dependent transcriptional response.
As expected, transcripts encoding MT1 and MT2 were the most highly induced in cells exposed to Cu (Fig. 5) , as MT1 and MT2 are critical for Cu detoxification in C. neoformans (Ding et al., 2013; Palacios et al., 2014) . Additionally, four transcripts encoding transmembrane transport proteins were increased under high Cu conditions. One, ATM1 (CNAG_04358), codes for an inner mitochondrial ABC transporter that exports a FeS cluster precursor from the lumen of the mitochondria to the cytosol, which was recently shown to function in FeS cluster homeostasis during Cu stress (Garcia-Santamarina et al., 2017). Another, Aap5 (CNAG_07367), functions as a general amino acid permease (Fig. 5) . AAP5 is required for virulence in C. neoformans when deleted together with another broad spectrum amino acid permease AAP4 (Fernandes et al., 2015; Martho et al., 2016) . Two Cu-induced transcripts code for hypothetical transcription factors (CNAG_01965 and CNAG_04908) and one for a known transcription factor, ZNF2 (CNAG_03366) (Fig. 5) . The phenotypes associated with deletion of CNAG_04908, previously characterized in a deletion mutant library of C. neoformans transcription factors, showed defective mating as compared to a wild-type strain (Jung et al., 2015) . Interestingly, ZNF2 functions in C. neoformans mating and in virulence, as ZNF2 overexpression was shown to abolish fungal virulence in mouse infection models, and to induce sexindependent filamentous growth in vitro and during infection (Lin et al., 2010; Wang et al., 2012; Zhai et al., 2015) . Additional phenotypes of a znf2D mutant include resistance to cadmium, diamide, hydrogen peroxide and the antifungal drugs amphotericin B and flucytosine (Jung et al., 2015) . Interestingly, both Cuf1 and Cu were previously shown to influence mating or fruiting of C. neoformans (Lin et al., 2006 (Lin et al., , 2008 Kent et al., 2008) . Perhaps the role of Cu during cryptococcal mating is to drive the Cuf1 controlled regulation of these matingrelated genes.
Of the 72 Cuf1-enriched peaks identified in promoters under Cu limitation, 26 loci were found at promoters of genes that did not show a change in their transcript levels in wild-type cells under Cu limitation (Supporting Information Fig. S4B ). Still, transcript levels for 16 of these genes were higher in the wild-type strain during the Cu limitation conditions as compared to the cuf1D strain (Supporting Information Fig. S4B ), pointing to Cuf1 potentially having different regulatory roles, dependent or not on the Cu status. Interestingly, a subset of six genes showed Cuf1 enrichment at their promoters during Cu deprivation, but the transcript levels were >1.5-fold higher under Cu treatment as compared with Cu deficiency (Supporting Information Fig. S5B bottom row, Fig. 6, blue) . This combination of ChIP-Seq together with the mRNA-Seq data suggests that expression of these genes is repressed during Cu limitation. Within this set of genes, CNAG_01019, coding for Cu, Zn superoxide dismutase (Sod1) is the most highly repressed gene. Very interestingly, a CuRE site is found within SOD1 intron 1, and we do hypothesize that Cuf1 is repressing SOD1 expression during Cu limitation by binding to this CuRE site. Since Sod1 uses Cu as a cofactor for activity, it is likely that during conditions of Cu scarcity, cells prioritize the activities of Cudependent enzymes to those more essential for cell survival, as has previously been reported for repression of SOD1 in a Mac1-dependent manner during Cu limitation in C. albicans (Woodacre et al., 2008; Broxton and Culotta, 2016) .
The remaining 40 Cuf1 peaks were enriched in BCS and correspond to genes whose transcript levels were >1.5-fold in wild-type cells treated with BCS as compared to Cu (Supporting Information Fig. S5B and Fig.  6 ), with three peaks located upstream of promoters of transcriptionally regulated divergent genes (indicated with an asterisk, Fig. 4B ). As expected, genes involved in Cu acquisition including those coding for the Cu importers Ctr1 (CNAG_07701) and Ctr4 (CNAG_00979), and the ferric reductases Fre4 (CNAG_07334) and Fre7   Fig. 4 . Identification of the C. neoformans Cuf1 genomic binding sites and Cuf1-dependent regulon.
Graphic representation of genomic Cuf1 binding regions identified after ChIP-Seq data analysis enriched in Cu (A), BCS (B) or similarly enriched in both conditions (C). Promoters of genes where there was a change in expression higher than 1.5-fold in wild-type cells treated with Cu as compared to BCS are represented as blue bars while genes whose expression was higher than 1.5-fold in wild-type cells treated with BCS as compared to Cu are represented as red bars, according to RNA-Seq data. Asterisks represent promoters of divergent genes that transcriptionally change after Cu or BCS treatments. Grey bars represent the different C. neoformans chromosomes, and the length of the bar represents the relative length of the chromosome. D. qRT-PCR validation of select Cuf1-dependent candidate genes identified by ChIP-Seq and mRNA-Seq. Cells from the indicated strains were grown in SC and treated with either 1 mM CuSO 4 (left panel) or 1 mM BCS (right panel) for 3 h. For each transcript, the WT levels of expression were normalized to 100%, and the expression in the other strains was normalized to those from the WT strain. For each indicated transcript, statistical analysis was made by comparison of the relative levels of expression of each gene in each strain background with the normalized level of expression in the WT strain. N53. Statistical analysis was performed using 2-way ANOVA and Fisher LSD tests. Only statistical significant differences are labeled.
(CNAG_00876), were found amongst the most highly induced transcripts (Fig. 6) . Several genes encoding proteins involved in transcription are found in this set of BCS induced transcripts (Fig. 6) . One of these genes, CNAG_05742, codes for the membrane embedded zinc metalloprotease, Stp1, involved in proteolytically activating the transcription factor Sre1. Sre1 is a membrane bound transcription factor required for ergosterol production, which is activated under low oxygen conditions (Chun et al., 2007; Bien et al., 2009) . In eukaryotes there is a well stablished link between Fe acquisition and hypoxia (Mendel, 1961; Rolfs et al., 1997) , and in the fungal pathogen Aspergillus fumigatus, a Sre1 homologue, SreA, directly induces the transcription of genes involved in Fe acquisition during hypoxia (Blatzer et al., 2011; Chung et al., 2014) . Perhaps the Cuf1-dependent upregulation of Stp1 during Cu deficiency is important for maintaining cellular Fe homeostasis that would be required in case of hypoxia, as Fe acquisition is tightly linked to Cu status [for reviews (Philpott, 2006; Nevitt et al., 2012) ]. Along these lines CTR4 expression is activated in an Sre1-dependent manner during hypoxia (Bien et al., 2009) . Another gene involved in transcription and increased in Cu deprivation CNAG_01902, codes for a putative general transcriptional co-repressor Cyc8. Interestingly, Cyc8 is important for virulence of the plant pathogen Verticillium dahlia and impacts expression of the Cu-dependent enzyme laccase, which plays an essential role in melanin production (Li et al., 2015b) .
A number of Cuf1 binding loci were identified that are similarly enriched in cells treated with Cu or BCS, with 17 of the genes associated with peaks showing 1.5-fold higher transcript level when comparing the high Cu condition with BCS (Supporting Information Fig. S5C ). One of these peaks located upstream of the promoter of two divergent genes transcriptionally regulated in BCS (indicated with an asterisk, Fig. 4C ). 11 of these transcripts were higher in Cu (Supporting Information Fig. S5C and Fig. 5 ) and six were elevated in BCS (Supporting Information Fig. S5C and Fig. 6 ), with no apparent bias in the chromosomal distribution of these loci (Fig. 4C) .
Amongst those genes activated in high Cu (but with no promoter enrichment of Cuf1) (Fig. 5) are those coding for carbohydrate metabolic enzymes including a-amylase (CNAG_02189), glyoxal oxidases (CNAG_00407 and CNAG_02030) and chitin deacetylase, Cda2 (CNAG_01230). a-amylase is an enzyme that is involved in starch degradation and glyoxal oxidases are extracellular enzymes that produce hydrogen peroxide and are associated with cellulose metabolism. Besides their potential role in degrading external polysaccharides, these types of enzymes were previously found to have roles in virulence. In Histoplasma capsulatum, loss of a-amylase reduced the capacity of the fungus to kill macrophages and to colonize the lungs of mice, and these phenotypes were related to the ability to synthesize b-glucan (Marion et al., 2006) . C. neoformans a-amylase expression is increased in tissue culture media in a Gat201 dependent manner (Chun et al., 2011) , and both a-amylase and glyoxal oxidase (CNAG_00407) were found to be more abundant in the secretome of C. neoformans cells upon activation of the cyclic-AMP/protein kinase A (cAMP/PKA) signal transduction pathway (Geddes et al., 2015) . The immune-stimulant mannoprotein chitin deacetylase Cda2 generates chitosan using chitin as a substrate, and chitosan is a C. neoformans cell wall polymer and virulence factor in murine models of cryptococcosis (Levitz et al., 2001; Gilbert et al., 2012) . In fact, polar groups on cell wall components of fungi, bacteria and plants are well established sites of metal accumulation (Krantz-R€ ulcker et al., 1993; Fang et al., 2009; Colzi et al., 2011) , and in plants, the cell wall acts as a barrier against metal toxicity (Parrotta et al., 2015) . Perhaps C. neoformans undergoes extensive cell wall remodeling to increase the presence of polymers with higher Cu-binding capacity, as a mode of reducing intracellular metal toxicity. Intriguingly, two of three genes showing increased expression in BCS, but not increased promoter Cuf1 binding, code for proteins with crucial roles in Fe acquisition (Fig. 6) . As fungal Fe acquisition is dependent on Cu, Fe deficiency is a secondary consequence of Cu deficiency. Deletion mutants of both Cft1 (CNAG_06242), an iron permease, and Cfo1 (CNAG_06241), a ferric oxidase, are defective in acquiring Fe from transferrin, an important Fe source for C. neoformans during infection, and have reduced virulence in mouse infection. Intriguingly, despite the presence of Cuf1 at the promoter regions of these genes, their transcription is not Cuf1-dependent (Fig. 6) . These results suggest that Cuf1 might act as a transcription modulator or as a repressor of the basal state at these loci rather than as a transcription activator.
From a total of 145 Cuf1-binding sites mapped in the genome of cells treated with high Cu or Cu limiting conditions, 53 sites were found at chromosomal loci where neither adjacent gene showed changes in transcription in either treatment (Supporting Information Fig. S5 A-C) . Interestingly, further analysis of these loci showed an increased amount of putative noncoding RNAs adjacent to the Cuf1 peak regions as compared to the remaining 92 Cuf1-binding peaks mapped adjacent to genes whose expression changes under these conditions (Supporting Information Fig. S5D ). Further experiments will be required to ascertain whether noncoding For all genes listed, Cuf1 was bound at their promoters according to ChIP-Seq data. Upper panel, genes where Cuf1 binding was enriched more than 1.5-fold at the promoters of genes in Cu treated cells as compared to BCS treated cells. Lower panel, genes where Cuf1 binding was equally enriched at the promoters of genes in Cu and BCS treated cells. In the first column, the blue intensity reflects the magnitude of the fold change in transcript expression in wild-type cells treated with Cu as compared to BCS from RNA-Seq, according to the scale in the figure. In the second column, the color intensity reflects the fold change in transcript levels in wild-type cells treated with Cu as compared to cuf1D cells treated with Cu from RNA-Seq, according to the scale in the figure. The third column indicates the gene identifier. The fourth column indicates the known or putative description of the gene product. The last column describes the known or predicted function of the gene product (based on the GO search tool from FungiDB.org).
RNAs might have a role in the control of Cu homeostasis in C. neoformans.
The Cuf1-dependent Cu regulon was validated by qRT-PCR on a selection of 8 candidate genes in wildtype, cuf1D, CFLAG and KGRP strains (Fig. 4D) . All of the genes tested showed decreased expression in the cuf1D or KGRP strains as compared to the wild-type. In the case of the CFLAG strain, an overall increase in gene expression, which was more pronounced in the Cu condition, was observed (Fig. 4D, green bars) . This could be due to differences in expression of the Cuf1-2xFLAG protein in the complemented strain as compared to untagged Cuf1.
Overall, the combination of the mRNA-Seq and ChIPSeq experiments allowed the identification of a clear Cuf1-dependent and Cuf1-targeted transcriptome that responds to high and low Cu levels, and a distinct transcriptional response to these stress conditions in the cuf1D mutant. For several genes, these experiments have evidenced a rather complex Cuf1-dependent Cu homeostasis regulation, which might not be explained by a single factor. One possibility is that the unique Cuf1 carboxyl terminus has a regulatory function in some of the newly identified genes belonging to the Cu regulon. Even though, previous experiments demonstrated that the unique Cuf1 carboxyl terminus does not have a role in regulating the main drivers of Cu uptake and detoxification (CTR1, CTR4, MT1, MT2), further experiments could ascertain a possible physiological role for this domain in Cu homeostasis. Additionally, it is possible that some Cuf1 transcriptional regulation is mediated by other transcription factors. In this regard, more than 70% of genes identified by the combination of the RNA-Seq and ChIP-Seq experiments, in both Cu and BCS treatments, have been reported to be transcriptionally regulated by other transcription factors, regulatory pathways, or chromatin remodelers, including but not limited to Cir1, HapX, Hap3, Crz1, Cna1, Rim101, Gat201, Hog1 or Gcn5 either in basal or in other environmental conditions (Ko et al., 2009; Jung et al., 2010; O'Meara et al., 2010 O'Meara et al., , 2014 Chun et al., 2011; Chow et al., 2017) . This shows the potential for the promoters of many of those genes to be occupied by other transcriptional modulators, which, in some instances, could act together with Cuf1 during the Cu response. Finally, it is also noteworthy that variations in environmental Cu levels might trigger feed-forward networks of transcriptional regulation secondary to direct Cuf1-dependent regulation, as several Cuf1 target genes, which code for putative or bona fide transcription factors, were found transcriptionally induced either in high Cu or in Cu limitation.
Conclusions
The results from these studies reveal an unexpected rich Cu biology in C. neoformans as compared to S. cerevisiae or S. pombe (De Freitas et al., 2004; Rustici et al., 2007; Cankorur-Cetinkaya et al., 2013) , perhaps reflecting both the evolutionary divergence of C. neoformans as a Basidiomycete and the wide range of environmental niches where this fungus thrives. A rich and complex Cu biology has been reported for the pathogenic fungus A. fumigatus (Cai et al., 2017) and in the eukaryotic algae Chlamydomonas reinhardtii (Castruita et al., 2011) . The current study combining RNA-Seq with ChIP-Seq will facilitate our understanding of how C. neoformans controls Cu homeostasis through myriad changes in gene expression directly driven by the Cusensing transcription factor Cuf1 (Fig. 7) . Cuf1 is unique in that it regulates transcriptional responses triggered by both high Cu and Cu limiting conditions, and it has a unique carboxyl-terminal domain of which the function(s) remain unknown. However, transcription activation via regulated DNA binding may not be the only mechanism by which Cuf1 functions, as it is constitutively found at promoters of genes that are regulated by Cu levels, and also not differentially transcribed in response to Cu. This work also identified genes whose expression changes in response to variations in Cu levels that have not been previously described and that are likely relevant to the complex lifestyle of C. neoformans.
Experimental procedures
Strains and media C. neoformans strains (Supporting Information Table S1 ) were routinely grown in synthetic complete (SC) medium For all genes listed, Cuf1 was bound at their promoters according to ChIP-Seq data. Upper panel, genes where Cuf1 binding was enriched more than 1.5-fold at the promoters of genes in BCS treated, as compared to Cu treated cells. Lower panel, genes where Cuf1 binding was equally enriched at the promoters of genes in Cu and BCS treated cells. In the first column, the red intensity reflects the magnitude of the fold change in transcript expression in wild-type cells treated with BCS as compared to Cu, according to the scale in the figure. The blue intensity reflects the magnitude of the fold change in transcript expression in wild-type cells treated with Cu as compared to BCS from RNA-Seq, according to the scale in the figure. In the second column, the color intensity reflects the fold change in transcript levels in wild-type cells treated with BCS as compared to cuf1D cells treated with BCS from RNA-Seq, according to the scale in the figure. The rest of column identifiers are detailed as in Fig. 5. (MP Biomedicals) containing 2% glucose, unless otherwise indicated, at 308C.
Generation of C. neoformans mutants
Biolistic transformation was carried out as previously described (Toffaletti et al., 1993) YPD supplemented with 1.5% agar and 100 lg ml 21 of nourseothricin (NAT) or 200 U ml 21 hygromycin B (Gold Biotechnology) was used for colony selection after biolistic transformation. Primers used in this study are described in Supporting Information Table S2 .
Creation of the Cuf1 KGRP to AAAA strain (DTY983) was performed as follows: pDT1933 (Ding et al., 2013) was mutated using the primer pairs RF436 and RF437 using the Infusion cloning kit (Clontech laboratories) to generate pDT1934. pDT1934 was transformed in the cuf1D strain (DTY761) (Ding et al., 2011) to generate DTY983.
A wild-type C. neoformans strain expressing the luciferase gene downstream of the CTR4 promoter was generated as follows: the genomic ACT1 promoter was amplified from genomic DNA using the primer pairs OLSG-526 and OLSG-527. The GFP-HOG-terminator was amplified from p508 (gift from Dr. Sun Bahn, Yonsei University, Seoul) with the primer pairs OLSG-524 and OLSG-525. pSMDA25 (Arras et al., 2015) was digested with SacI/SpeI and the ACT1 promoter and the GFP-HOG-terminator were cloned into pSMDA25 to generate pDT1935 using the Infusion cloning kit. The CTR4 promoter-luciferase-CTR4 terminator fragment was PCR amplified with the primer pairs OLSG-528 and OLSG-580 from pDT1430 (Ding et al., 2013) . pDT1935 was digested with XhoI/HindIII, and the CTR4 promoter-luciferase-CTR4 terminator was cloned into pDT1935 using the Infusion cloning kit to generate plasmid pDT1936. pDT1936 was AscI digested and transformed into the safe haven site of the C. neoformans H99 strain to generate strain DTY984. A wild-type strain expressing the luciferase gene downstream of the mutated CTR4 promoter (lacking the two CuRE sites at the indicated positions in Fig. 3D ) was generated as follows: pDT1936 was mutated using the primer pairs OLSG-552 and OLSG-553 using the Infusion cloning kit to generate pDT1937. pDT1937 was AscI digested and transformed into the safe haven site of C. neoformans H99 strain to generate DTY985.
Growth assays
Quantitative growth assays were performed to analyze the susceptibility of strains to stressors as follows: SCEG medium (SC supplemented with 2% ethanol and 3% glycerol) was used to test the growth of the wild-type, cuf1D and complemented strains (CFLAG and KGRP). Cells were diluted to and OD 600 of 0.002 in fresh media, and aliquoted into 96-well plates. Test compounds were added from fresh stock solutions of CuSO 4, and bathocuproinedisulfonate (BCS), prepared in water, and of 8-hydroxyquinoline (8HQ), prepared in DMSO, at the indicated concentrations. Cells were grown with shaking at 30 8C. Growth plots were generated by plotting the OD 600 readings at the indicated stressor concentration at the 48-h time point.
Cell volume measurements
Overnight cultures of strains were diluted to OD 600 0.2 and grown for 3 h in YNB media. After 3 h cells were either untreated or treated with 1 mM CuSO 4 or 1 mM BCS for 3 h and visualized with an Axio imager upright microscope. Cell diameter was calculated from the images using ImageJ software (imagej.nih.gov/ij/). The average volume for each strain and condition was calculated by averaging the volumes of all counted cells (n 5 200) from three independent experiments. 
Protein preparation and analysis
Overnight cultures were back diluted to an OD 600 of 0.2 into 5 ml of SC media and grown for 3 h. CuSO 4 or BCS was added to the cultures at the indicated concentrations for the indicated times. 100% tri-chloroacetic acid (TCA) was added directly to the cultures, centrifuged to pellet the cells. Cell pellets were resuspended in 1 ml of 25% TCA, pelleted and re-suspended in 100 ml of 12.5% TCA. Pellet suspensions were added to 2.0 ml bead beating tubes (Mo Bio), with 200 ml glass beads 425-600 lm and bead beat in a mini-bead beater (BioSpec) three times for 1 min. Cell lysates were collected in a new 1.5 ml micro-centrifuge tube, protein pelleted, washed with 100% cold acetone, dried and resuspended in 80 ll of 100 mM Tris-HCl pH 8.3, 1 mM EDTA and 1% SDS. Protein was loaded onto BioRad Criterion SDS-PAGE gels (4-20%), fractionated at 120 V, transferred onto nitrocellulose membranes (BioRad Machine), blocked in 5% milk/TBST for 1 h at room temperature and probed with anti-FLAG antibody conjugated to horseradish peroxidase (monoclonal, Sigma), Cdc2 (monoclonal, abcam, PSTAIR) or H3 (D1H2 polyclonal, Cell Signaling Technology) antibodies (1:1000, 5% milk, TBST) for protein detection.
RNA isolation and cDNA synthesis
Overnight C. neoformans cultures were back-diluted to an OD 600 of 0.2 into 5 ml of SC media and grown for 3 h corresponding to one population doubling. For qRT-PCR and RNA-Seq experiments 1 mM CuSO 4 or 1 mM BCS were added to the media and cells grown for 3 h unless otherwise noted. Cells were pelleted and RNA was extracted using the RNeasy Mini Kit (Qiagen) with a slightly modified protocol. Pelleted cells were resuspended in 600 ml of buffer RLT containing 0.1% ß-mercaptoethanol. Cell suspensions were placed in 2.0 ml bead beating tubes (Mo Bio), with 200 ml of glass beads and lysed in a mini bead-beater (BioSpec) for 30 s, three times, with 1 min between to chill on ice. Lysed cells were centrifuged for 10 min to pellet cell debris, 350 ml of lysate added to 350 ml of 70% ethanol and the protocol was the followed as specified. RNA was eluted in 50 ml of RNAse free water, and DNAse treated using Turbo DNAse (Roche) as suggested by the manufacturer. cDNA was reverse transcribed from RNA using the Superscript III First-Strand Synthesis system (Invitrogen). Realtime PCR was performed using the iQ SYBR Green Supermix (Bio-Rad) and amplification and detection performed on a CFX384 apparatus (Bio-Rad), as previously described. Primers used for qRT-PCR are listed in Supporting Information Table S2 . The results were normalized to ACT1 and analyzed using the 2-DCt method as previously described (Festa et al., 2014) .
Rapid amplification of cDNA ends CUF1 RACE experiments were performed by using the FirstChoice RLM-RACE kit (Thermo Fisher Scientific) according to the manufacturer instructions, using the gene specific primer GTAGGAAGACCAACCACAGAACGG for 5'RACE and the gene specific primer GACATGCCCTTGG CTTTTCCTAC for 3'RACE.
mRNA-Seq library preparation and RNA-Seq
The mRNA samples for RNA-Seq analysis were prepared using a TruSeq RNA sample preparation kit (Illumina, San Diego, CA). The cDNA libraries were sequenced on an Illumina HiSeq 2000 instrument (Illumina, San Diego, CA).
Approximately 0.9 -1.8 3 10 7 paired-end, 75-bp reads were generated for each sample. The quality control of the reads was conducted with FastQC (v0.11.5) (Andrews, 2010) for each sample. Reads with Illumina standard adapter sequences or with low-quality sequences (Phred quality score less than 30) were trimmed by Cutadapt (v1.12) (Martin, 2011) . Reads with the length less than 50 bp were filtered after trimming. Approximately 6 -11 million of the quality paired-end reads for each sample were aligned to the reference genome and transcriptome, C. neoformans var. grubii H99 assembly (CNA3), using Bowtie 2 (v2.2.8) (Langmead et al., 2009) and Tophat (v2.1.1) ). Read-count-per-gene measurements were estimated by htseq-count (HTSeq v0.6.0) (Anders et al., 2015) to convert the mapped reads to read counts for a total of 6962 genes. Gene expression differences were evaluated using a test based on a gamma generalized linear model (GLM), which was implemented in the R package edgeR (v3.16.5) (Robinson et al., 2010) .
Chromatin immunoprecipitation (ChIP-PCR) and ChIP-Seq
WT (ChIP-PCR) and the 2xFLAG tagged Cuf1 strain (CFLAG) (ChIP-PCR and ChIP-Seq) were grown overnight, back diluted to an OD 600 of 0.2 in two 50 ml cultures, grown for 3 h at 308C and treated with 1 mM CuSO4 or 1 mM BCS for 3 h. Formaldehyde was added at a final volume of 1%, cells incubated at room temperature for 20 min for crosslinking and crosslinking was quenched with 125 mM glycine for 5 min at room temperature. Cells were pelleted, and washed once in 10 ml of PBS containing 125 mM glycine. The washed pellets were resuspended in 1 ml ChIP lysis buffer (50 mM HEPES-KOH, pH 7.5; 140 mM NaCl; 1% Triton-X 100; 1 mM EDTA) and lysed by bead beating three times 1 min with a Mini Bead Beater 16 (BioSpec), with 1 min on ice in between. The lysate was aspirated added to a 15 ml conical tube with 1 ml of ChIP lysis buffer and sonicated 5 times, with 30 s on and 1 min off with icing in between (for ChIP-PCR experiments) or 40 s, 20 s on, 20 s off (for ChIP-Seq experiments). Lysates were cleared by two successive centrifugations for 10 min at 20,000 3 g at 48C. The resulting supernatant is now the input for the ChIP experiment. 30 ml were transferred to a new tube as the Whole Cell Extract (WCE), and these samples were kept at 48C during the duration of the experiment. To prepare immunoprecipitation samples 250 ml lysate was added to 250 ml ChIP lysis buffer and 120 ml 3.6 M NaCl. To these samples, 50 ml of protein A agarose beads (Protein A Plus Agarose, Pierce) were added and incubated for 1 h at 48C with rotation to clear protein that nonspecifically binds beads. After 1 h, lysates with agarose beads were centrifuged at 10,000 3 g for 1 min at 48C, the supernatant transferred to a new tube and FLAG antibody beads (EZview Red Anti-FLAG M2 Affinity Gel, Sigma) blocked in PBS with 5% milk for 1 h and washed in ChIP lysis buffer were added to the lysates and incubated for 16 h at 48C while rotating. Beads were washed twice in 1 ml ChIP lysis buffer, once in 1 ml ChIP lysis buffer containing 0.5 M NaCl, once in 1 ml ChIP wash buffer (10 mM Tris-HCl, pH 8.0; 0.75 M LiCl; 0.5% NP-40; 1 mM EDTA), and twice in 1 ml TE, all at 48C. The immunoprecipitated Cuf1-2xFLAG was eluted by adding 150 ml of ChIP elution buffer (50 mM TrisHCl, pH 8.0; 10 mM EDTA; 1% SDS) and incubated for 10 min at 658C, centrifuged at 10,000 3 g for 1 min and 125 ml of the supernatant was transferred to a new tube. 95 ml of ChIP elution buffer was added to 30 ml WCE. The IP and WCE tubes were incubated at 658C overnight to reverse formaldehyde crosslinks, treated with 5 ml of proteinase K (BioLine) at 378C for 90 min and samples purified using a Qiagen PCR purification kit as per manufacturer's instructions and eluted in 50 ml of water. For ChIP-PCR experiments quantitative PCR was performed with the iQ SYBR Green supermix (BioRad) and primers for Tubulin, CTR4 and MT1 (Supporting Information Table S2 ). Amplification and detection was performed in a CFX384 Real Time system (BioRad). For quantification, the cycle threshold (Ct) from each input was subtracted from the Ct from the target gene obtained for the Cuf1-2xFLAG strain (dCt target ) or the negative control (WT strain, no FLAG-tagged Cuf1) (dCt control ). Then, the dCt control was subtracted from the dCt target to give a ddCt value. For each gene promoter, Cuf1 enrichment was calculated as the inverse log of ddCt in base 2 (2 ddCt ). Cuf1 enrichment at the ACT1 promoter was used for normalization, and the obtained values at the time 0 data point were used for calculating the enrichment fold-change.
For ChIP-Seq experiments, the ChIP DNA samples were quantified using the fluorometric quantitation Qubit 2.0 system (ThermoFisher Scientific) and size checked on the Agilent Tapestation. ChIP-Seq libraries were prepared using the Kapa BioSystem HyperPrep Library Kit to generate Illumina-compatible libraries. During adapter ligation, unique indexes were added to each sample. The libraries were cleaned using SPRI beads, quantified using Qubit 2.0 and size checked using the Agilent Bioanalyzer. The four libraries from the first replicate were pooled into equimolar concentration and their sequencing were carried out on Illumina's HiSeq 2000 to obtain 100 bp single-end reads. The eight libraries from the rest two replicates were pooled together and sequenced on 1 lanes of Illumina HiSeq 4000 sequencer at 50 bp single-end. Approximately 2.8 -3.5 3 10 7 single-end reads for each control and treatment replicate samples were generated. Reads were aligned to the C. neoformans var. grubii H99 reference genome (CNA3) using Bowtie2 (v2.2.8) . Approximately 75-83% reads were aligned uniquely to the reference. Differential peak calling of ChIP-seq signals between control and treated samples with replicates were conducted by THOR (Allhoff et al., 2016) . The Integrative Genomics Viewer (IGV) (Robinson et al., 2011; Thorvaldsdottir et al., 2013) were used to visualize and compare peak differences between control and treatment replicate samples.
Statistical analysis
For all figures error bars represent the statistical error of the mean (SEM) of a number of biological replicates (N), as indicated in each figure legend. Statistical tests used for each data set are indicated in the corresponding figure legend and were performed using GraphPad Prism 7 software. Significant differences are indicated according to the significance as follows: p < 0.0001****, p 5 0.0001 to p < 0.001***, p 5 0.001 to p < 0.01**, p 5 0.01 to p < 0.05*, p 0.05 not significant (ns). Nonsignificant differences are either not indicated, or indicated only for specific experiments (ns).
Data availability
The RNA-Seq and ChIP-Seq data generated in this study were submitted to the Gene Expression Omnibus 347 (GEO: http://www.ncbi.nlm.nih.gov/geo/). The accession number for both data sets (SuperSeries record) is GSE110122. The individual accession number for the RNASeq dataset is GSE110121, and for the ChIP-Seq dataset is GSE110120.
